Abstract. Two vastly different phenomena, impact and salt diapirism, have been proposed for the origin of Upheaval Dome, a spectacular scenic feature in southeast Utah. Detailed geologic mapping and seismic refraction data indicate that the dome originated by collapse of a transient cavity formed by impact. Evidence is as follows: (1) sedimentary strata in the center of the structure are pervasively imbricated by top-toward-the-center thrust faulting and are complexly folded as well; (2) top-toward-the-center normal faults are found at the perimeter of the structure; (3) clastic dikes are widespread; (4) the top of the underlying salt horizon is at least 500 rn below the surface at the center of the dome, and there are no exposures of salt or associated rocks of the Paradox Formation in the dome to support the possibility that a salt diapir has ascended through it; and (5) planar microstructures in quartz grains, fantailed fracture surfaces (shatter surfaces), and rare shatter cones are present near the center of the structure. We show that the dome formed mainly by centerward motion of rock units along listric faults. Outcrop-scale folding and upturning of beds, especially common in the center, are largely a consequence of this motion. We have also detected some centerward motion of fault-bounded wedges resulting from displacements on subhorizontal faults that conjoin and die out within horizontal bedding near the perimeter of the structure. The observed deformation corresponds to the central uplift and the encircling ring structural depression seen in complex impact craters.
History of Investigation
Upheaval Dome was first noted during a reconnaissance geologic study by B. H. Parker, who hypothesized that the structure was due to salt doming [Harrison, 1927] . Since then, the interpretation of this structure has been the subject of dozens of publications, and its origin continues to be debated. Bucher [1936] firmly advocated a cryptovolcanic origin for Upheaval Dome. Shortly thereafter, Boon and Albritton [1938] suggested that many of the Earth's cryptovolcanic structures were actually of impact origin, although they did not specifically mention Upheaval Dome. The first detailed description of Upheaval Dome was by McKnight [ 1940] , who mapped the structure at 1:62,500 scale. While he considered that the structure might be of impact origin, he favored the hypothesis that the central uplift and surrounding structural depression were the result of salt flow in the underlying Paradox Formation. Shoemaker [1954, 1956] recognized elastic dikes of White Rim Sandstone at the center of the structure and initially supported the cryptovolcanic interpretation, also on the basis of the results of a geophysical survey that showed a pronounced magnetic anomaly over Upheaval Dome [Joesting and Plouff, 1958] . At that time, little was known about impact structures, but it later became evident that Boon and Albritton were correct.
As more impact structures were recognized throughout the world, it became possible to estimate the rate of impacts during the Phanerozoic within a factor of-•2 [Shoemaker, 1983] .
This cratering rate and the total area and average age of rocks exposed on the Colorado Plateau implied that a crater of-10 km in diameter should be present on the Plateau. This calculation prompted further field work at Upheaval Dome, and an impact origin was supported on the basis of the faulting and centerward motion of rocks that was observed [Shoemaker and Herkenhoff, 1984] . Recently, however, Jackson et al. [1998] have interpreted these faults to record motion of rocks into a cavity left behind by the upward passage of a salt diapir, now eroded away. The details of their hypothesis are outlined and discussed in section 4. 
Geologic Setting
Upheaval
Faults
Recognition of faults during mapping was relatively straightforward for the Chinle Formation and lower rock units, largely because of the tabular bedding geometry and numerous marker beds. Fault recognition was a more involved task in the Wingate Sandstone and higher units, mainly because these units lack tabular bedding and marker beds. Instead, lenticular bedding and cross-bedding are widespread and cause some bed contacts to look superficially like faults. Gradational interfingering bedding relations exist at both Navajo-Kayenta and Kayenta-Wingate contacts, making bed-subparallel faults difficult to detect at these contacts. In cases where obvious bedding displacement could not be discerned in these units, criteria such as the presence of gouge, breccia, striae, drag folds, and high-angle (greater than --35 ø) bed cutoffs were used to map faults. Unfortunately, these features are not that common. Low-angie (less than •35 ø) bed cutoffs alone were not used as a criterion because they are common depositional features in undeformed sections of these units. As a result of the difficulties described above, a conservative approach to fault mapping was adopted for the Wingate to Navajo units, implying that there may be more faults in these units than shown in Plate 1. Figure 12) . Generally, the listric normal faults are For example, such outward motion might be inferred for the structurally above the wedge faults. hanging wall of the structurally highest fault shown in Figure  11 . However, in areas where there is physical continuity of exposure between these types of fault zones and the undeformed perimeter (e.g., at the north-northeast, northwest, and southeast perimeters), there is no thickening or folding of strata in the hanging wall where the fault dies out. This implies that there was little, if any, outward motion of the hanging wall. Furthermore, we were unable to find any crosscutting relations that support two episodes of faulting. For these reasons, we suggest that the fault system shown in Fig between Upheaval Dome and the surrounding nearly flatlying undeformed strata, and (2) a syncline lying in the region of transition between normal and thrust-faulted areas. Curiously, the monocline is not found everywhere around the structure. In a reentrant at the north-northeast perimeter, the monocline is seen only in the Kayenta Formation, where it is associated with small normal faults (Plate 1). In canyons at the northeast and south-southeast perimeters, it is found only in the hanging wall of wedge faults that cut the Church Rock Member of the Chinle Formation and die out in bedding planes at the perimeter (e.g., Figure 10 ). This suggests that the monocline in these areas was formed by bending of hanging wall strata in response to removal of strata along these wedge faults. There is the possibility that similar faults exist at the base of the monocline elsewhere in the map area but lie below the present level of exposure and also die out along bedding planes rather than ramp upward in the perimeter. Stratal thinning by such faulting is also evident in the trough of the large-scale circumferential syncline where exposed in cliff walls below the Navajo Sandstone, but iistric normal faults are also associated with this fold. Figure 17 is currently being analyzed to distinguish shock from tectonic deformation using the technique described by Gratz et al.
Faults are found throughout Upheaval
[1996].
Shatter Surfaces and Shatter Cones
Shatter cones are conical fracture surfaces decorated with "fan-tailed" patterns of ridges and grooves that diverge away from the apices of the cones. They were first recognized at Steinheim Basin, Germany [Branco and Fraas, 1905] , and have been found at many other, but not all, impact structures [Dietz, 1963 [Dietz, , 1968 ture at the head of Upheaval Canyon. At least one of these masses is displaced down the wall across lower beds of the Chinle along a contact that is roughly parallel with the wall. Elsewhere, one of the Wingate lobes penetrates into the underlying Chinle. We suggest that these lobes may represent partly fluidized sandstone that slumped along the walls of the initial transient cavity. If so, the walls of the present topographic crater would have been close to the final position of the transient cavity walls after their inward migration during crater collapse. This inner, constricted crater has been breached on the west side, and all strongly shocked rocks evidently have been removed from the center by erosion. The total erosion of the center, however, might be no more than a few hundred meters, sufficient to remove any deposits filling the initial crater and any strongly shocked material and to produce the highly dissected central topography we see today.
The deep canyons in the landscape surrounding Upheaval Dome and incised into the impact structure have been cut subsequent to impact. This episode of canyon cutting is no older than integration of the upper with the lower Colorado River drainage at -5 Ma and the cutting of the lower Grand Canyon [Lucchitta, 1972] 
